ABSTRACT The present study was carried out to investigate the tibia phosphorus (P) retention and development as well as their correlations and possible mechanisms of broilers at different ages. A total of 320 1-day-old Arbor Acres male broilers were raised in 8 replicate cages of 40 birds per cage, and fed the same corn-soybean diets for 42 d. Plasma and tibia samples of broilers were collected on day 0, 7, 14, 21, 28, 35, or 42. The results showed that the tibia ash P content increased linearly (P = 0.017), and the total P accumulation in tibia ash increased linearly and quadratically (P < 0.001) with age. The traits of bone development including the tibia bone mineral content (BMC), the tibia bone mineral density (BMD), and the tibia ash content increased linearly and quadratically (P < 0.001), while the tibia breaking strength increased linearly (P < 0.001) with age. The tibia bone gal protein (BGP) content decreased linearly (P = 0.011), but neither a linear nor quadratic (P > 0.15) response was observed for the tibia alkaline phosphatase (ALP) with age. The tibia ash P content was positively correlated with the tibia BMD (r = 0.325, P = 0.014), ash (r = 0.325, P = 0.001), and ALP (r = 0.377, P = 0.004). The total P accumulation in tibia ash also was positively correlated with all of the above traits of bone development (r = 0.437 to 0.976, P < 0.001); however, it was negatively correlated with the tibia BGP (r = -0.426, P = 0.0014). Additionally, the tibia ALP was positively correlated with the tibia ash (r = 0.369, P < 0.001), and the tibia BGP was negatively correlated with the tibia BMC (r = -0.453, P < 0.001), breaking strength (r = -0.384, P < 0.001), and ash content (r = -0.361, P < 0.001). The above results indicated that the bone P retention was involved in the bone development of broilers from 1 to 42 d of age possibly via the regulation of the bone ALP and BGP.
INTRODUCTION
As a necessary mineral, phosphorus (P) has important functions in bone mineralization, nutrient metabolism, nucleic acid synthesis, and signal transduction (Berndt and Kumar, 2009; Lu et al., 2017) . Considering its widespread roles in the whole body, it is not surprising that the P deficiency results in reduced feed intake, retarded growth performance, abnormal skeletal development, and high mortality of poultry (Long et al., 1984; Webster, 2004) . The modern genetic breeding technique has resulted in an increased growth rate of broilers (Havenstein et al., 2003) . The fast-growing broilers with a larger breast muscle may cause skeleton C 2019 Poultry Science Association Inc. Received June 7, 2018. Accepted December 18, 2018. 1 Corresponding author: liaoxd56@163.com (Xiudong Liao); wlysz@263.net (Xugang Luo) disorders and abnormalities due to inadequate dietary mineral supply, primarily Ca and P deficiency (Williams et al., 2000) . Dietary P deficiency could result in the hypophosphatemic rickets and tibia dyschondroplasia in broiler chickens (Dinev, 2012) . Thus, maintaining adequate dietary P supplies is crucial for skeletal development.
Bone development consists of primary ossification at the diaphysis and secondary ossification at the epiphyses, which strengthens cortical bone and lengthens the bone, respectively (Taylor et al., 2013) . Therefore, the development of tibia bone in broilers was generally reflected by bone mineral density (BMD), bone mineral content (BMC), bone breaking strength, bone ash weight, and bone ash content (Onyango et al., 2003; Shim et al., 2012) . As the component of hydroxyapatite, the inorganic P was mostly deposited in the skeleton of chickens (Hansen et al., 1976; Vieira, 2007) . Alkaline phosphatase (ALP) is a hydrolase enzyme that cleaves P from beta-glycerol phosphate to be free mineral element (Penido and Alon, 2012) , and found mostly in bone and liver (Sarac and Saygili, 2007) . ALP and bone gal protein (BGP) are involved in the process of bone formation and mineralization (Li et al., 2014; Qin et al., 2014) . Bone mineralization is regulated mainly by the activity of osteoblast and osteoclast (Penido and Alon, 2012) . In studies with rats and humans, the uptake of P by the osteoblasts is usually considered as a major factor regulating the skeleton growth, remodeling, and mineralization (Nordin, 1988; Shapiro and Heaney, 2003; Heaney, 2004) . However, the changing patterns, correlations, and possible mechanisms of bone P retention and development of broilers during the growth period remain unclear.
Therefore, the objectives of the present study are to investigate the tibia P retention and development, as well as their correlations and possible mechanisms of broilers at different ages, so as to strengthen our understanding on the role of bone P metabolism in bone development of broilers.
MATERIALS AND METHODS

Animals and Diets
All experimental procedures were approved by the Animal Management Committee (in charge of animal welfare issue) of the Institute of Animal Science, Chinese Academy of Agricultural Sciences (IAS-CAAS, Beijing, China) and performed in accordance with the guidelines.
A total of 320 1-day-old Arbor Acres commercial male broiler chicks (Huadu Broiler Breeding corp., Beijing, P. R. China) were raised in 8 replicate cages of 40 birds per cage. All birds were housed in an electrically heated, thermostatically controlled room equipped with fiberglass feeders, waterers and stainless steel cages coated with plastics. They had free access to feed and tap water and maintained on a 24-h constant light schedule throughout the experiment. The same cornsoybean-meal diets were formulated to meet or exceed NRC (1994) requirements of broilers for all nutrients (Table 1 ). All diets were fed in mash form. The experiment lasted for 42 d. At 7, 14, 21, 28, 35 , and 42 d of age, chicken weight and feed intake were recorded to calculate the average daily feed intake (ADFI), average daily gain (ADG), and the ratio of feed: gain (F: G) of each week. Mortalities and health status were visually observed and recorded daily. At 0, 7, 14, 21, 28, 35 , and 42 d of age, 4 birds close to the cage average BW were selected from each replicate cage. The blood was collected aseptically and the plasma was obtained after centrifuging at 3,000 × g for 10 min at 4
Sample Collections and Preparations
• C and stored at -20
• C for analyses of P content and ALP activity. After blood sampling, the birds were killed by injections of sodium pentobarbital (30 mg/kg BW) through the wing vein. The right tibia was peeled and frozen at -20
• C for analyses of the BMC, BMD, and the content of the tibia ash and tibia ash P. The left tibia was peeled and frozen at -20
• C for analyses of the ALP activity and the BGP content. To reduce individual biological variation, equal weight samples from 4 birds in each replicate cage were pooled into one sample for analyses.
Determination of the Tibia BMC, BMD, Breaking Strength, and the Content of Tibia ash and Tibia ash P
The frozen tibia was thawed at room temperature for 2 h and then stripped of all soft tissues, and then the tibia bone was determined with dual-energy X-ray absorptiometry (DEXA, France) for BMC and BMD (Liu et al., 2017; Jing et al., 2018) . After that, the tibia bone was immediately frozen until analysis of the tibia breaking strength (Jiang et al., 2016) .
The tibia bone breaking strength was determined by a 3-point bending test (HDP/3 PB Texture Analyzers, UK). The tibia bone of the broilers on day 0, 7, 14, 21, 28, 35, or 42 was put on a fulcrum point with 1.6, 2.0, 2.5, 3.0, 3.5, 4.0, or 4.5 cm apart, respectively. Loading point was located in the midpoint of fulcrum points. The breaking force was determined by the shear test at a speed of 5 mm/min with a 50 kg loading cell until fracture occurred (Crenshaw et al., 1981; Shim et al., 2012; M'Sadeq et al., 2018) . The ultimate tibia breaking force was directly obtained from the load-deformation curve recorded by a computerized monitor (Jiang et al., 2016; Liu et al., 2017) .
The tibia bone was dried in an oven at 105
• C for 24 h and then defatted with fresh diethyl ether for 48 h. The fat-free, dried bone was finally ashed in a muffle furnace at 550
• C for 16 h. The tibia ash content was expressed on a dry and defatted weight basis of tibia. The tibia ash P content was measured colorimetrically using the vanadate-molybdate method (Davies et al., 1973) .
Calculation of the Total P Accumulation in Tibia ash
The total P accumulation in tibia ash (TP TA ) was calculated according to the following equation:
Determination of Plasma P Content, ALP Activity, and the Tibia BGP Content Plasma was thawed and analyzed for the P content using the molybdenum blue method according to Goldenberg and Fernandez (1966) . The ALP activities in the plasma and tibia were determined by a microplate reader with commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The tibia BGP content was determined by the method of ELISA with commercial kits (Nanjing Jiancheng Bioengineering Institute).
Statistical Analyses
All data were analyzed using SPSS statistical software (version 17.0; Chicago, IL). Data from broilers at different ages were analyzed using 1-way ANOVA, and differences among means were tested by the LSD method. Polynomial orthogonal contrasts were used to determine the linear and quadratic responses of dependent variables to ages (Kamely et al., 2016) . Simple correlation analyses between the tibia P retention or P metabolism and bone development were carried out based on replicate values from different ages using the Pearson procedure (Steel et al., 1997) . One replicate is regarded as an experimental unit. Results are presented as means ± standard deviation (SD). The P < 0.05 was considered to be statistically significant.
RESULTS
Growth Performance
The ADFI, ADG, and F: G were linearly (P < 0.001, Figure 1 ) increased, whereas ADFI and ADG were also increased quadratically (P < 0.001; Figures 1A and 1B ) with age. Mortality was 4.1% throughout the growth period.
The Tibia BMC, BMD, Breaking Strength, and Ash Content
The tibia BMC, BMD, and ash content increased linearly and quadratically (P < 0.001), whereas only the tibia breaking strength increased linearly (P < 0.001, Figure 2C ) with age. The tibia BMC increased (P = 0.039, Figure 2A ) from hatching to day 7 and stabilized (P = 0.72) to day 14 followed by another increase (P < 0.001) to day 42. The tibia BMD increased (P = 0.022, Figure 2B ) from hatching to day 7 and decreased (P < 0.001) to a minimum on day 14, and increased (P ≤ 0.01) gradually to 42 d of age. The tibia ash content increased on day 7 (P < 0.001, Figure 2D) after hatching, and then maintained (P > 0.14) at a stabilized level from day 7 to 42 of age.
Tibia ash P Content and the Total P Accumulation in Tibia ash
The tibia ash P content and the P retained in tibia ash were affected (P < 0.001, Figure 3 ) by age. Tibia ash P content increased linearly at 7 d (P < 0.001, Figure 3A ). This was followed by another increase (P = 0.001) on day 21 and a decrease (P = 0.011) on day 28, finally with a stable level (P > 0.08) to day 42. In addition, the P retained in tibia ash increased linearly and quadratically (P < 0.001, Figure 3B ).
Plasma P Content, ALP Activity, and the Tibia BGP Content
The plasma P content, the ALP activities in plasma and tibia, and the tibia BGP content were all affected (P < 0.015, Figure 4 ) by age. Responses (P < 0.04, Figures 4B and 4D) were observed in the plasma ALP activity and the tibia BGP content. The quadratic responses (P < 0.001, Figures 4A and 4B) were shown in the plasma P content and plasma ALP activity. However, neither a linear nor quadratic response (P > 0.15, Figure 4C ) was observed in the tibia ALP activity. The plasma P content increased (P < 0.001, Figure 4A ) on day 7 after hatching followed by a slow decrease (P = 0.024) on day 14, and then remained stable (P>0.18) to day 28 followed by another slight decrease (P < 0.04) to day 42. The plasma ALP activity increased (P < 0.001, Figure 4B ) on day 7 after hatching and then decreased (P < 0.001) to day 21. This was followed by an increase (P < 0.001) on day 28 and then a gradual reduction (P < 0.012) to day 42. Tibia ALP increased (P < 0.001, Figure 4C ) to day 7, and declined (P < 0.001) and stabilized thereafter. Besides, the tibia BGP content decreased linearly (P = 0.011, Figure 4D ).
Correlations Between Bone P Retention and Bone Development
The correlation coefficients between bone P retention (the tibia ash P content and the total P accumulation in tibia ash) and bone development (the tibia BMC, BMD, breaking strength, and ash content) are shown in Table 2 . The tibia ash P content had positive correlations with the tibia BMD (r = 0.325, P = 0.014) and ash content (r = 0.325, P = 0.001), but did not correlate (P > 0.08) with the tibia BMC and breaking strength. The total P accumulation in tibia ash was strongly and positively correlated with the tibia BMC (r = 0.976, P < 0.001), BMD (r = 0.676, P < 0.001), breaking strength (r = 0.962, P < 0.001), and ash content (r = 0.437, P = 0.001).
Correlations Between Bone P Retention or Bone Development and P Metabolism
The correlation coefficients between bone P retention (the tibia ash P content and the total of P accumulation in tibia ash) or bone development (the tibia BMC, BMD, breaking strength, and ash content) and P metabolism (the plasma P content, the plasma and tibia ALP, and the tibia BGP content) are shown in Table 3 . The tibia ash P content was positively correlated with plasma P content (r = 0.302, P = 0.023) and the tibia ALP activity (r = 0.377, P = 0.004), but not (P>0.17) with plasma ALP activity and the tibia BGP content. The P retained in tibia ash was negatively correlated with the tibia BGP content (r = -0.426, P = 0.001), but was unrelated (P > 0.07) to plasma P content and plasma and tibia ALP. Plasma P content and plasma and tibia ALP were all correlated positively with tibia ash (r = 0.579, P < 0.001; r = 0.428, P = 0.001; r = 0.369, P = 0.005, respectively), but unrelated (P > 0.06) to the tibia BMC, BMD, and breaking strength. In addition, the tibia BGP was negatively correlated with tibia BMC (r = -0.384, P = 0.004), breaking strength (r = -0.453, P < 0.001), and ash content (r = -0.361, P = 0.009), but not with tibia BMD (P > 0.60).
DISCUSSION
The BMD is a biophysical parameter of experimental importance for the assessment of bone structure and integrity (Amoroso et al., 2013; Jiang et al., 2016; Liu et al., 2017; Kim et al., 2018) . In our study, the tibia BMD, BMC, and breaking strength were all increased as broilers grew. This indicates that the skeletal development changes with the increased BW of broilers (Shim et al., 2012) .
In addition, the total P accumulation in tibia ash increased with age and was positively correlated with tibia BMC, BMD, breaking strength, 1 Data represent the correlation coefficients between bone P retention (the tibia ash P and TP TA ) and bone development (the tibia BMC, BMD, breaking strength, and ash) on day 0, 7, 14, 21, 28, 35, and 42, n = 56. * P < 0.05, * * P < 0.01. P, phosphorus; TP TA , the total P accumulation in tibia ash; BMC, bone mineral content; BMD, bone mineral density. and ash content. As a constituent of bone, the inorganic P is indispensable for the activities of osteoblast and osteocytes in the process of matrix mineralization (Magne et al., 2003; Penido and Alon, 2012) . Vieira (2007) has demonstrated that continuous translocation of P from the circulatory system to the mineral formation sites occurs during bone formation and growth. Moreover, we also found that the tibia ash P content was positively correlated with tibia BMD and ash content, which further demonstrated that the tibia P retention was associated with tibia bone development of broilers. However, tibia ash P did not correlate with tibia breaking strength. Additionally, the change patterns of tibia BMD and ash content were not in parallel with the tibia breaking strength. The reasons might be that the tibia breaking strength of broilers was influenced by not only the inorganic minerals (tibia ash content) but also the organic matrix (collagen) in the tibia (Rath et al., 1999) . Onyango et al. (2003) concluded that the tibia BMD and ash content are more sensitive than the tibia breaking strength as indicators of dietary P consumption in broilers. It is also possible that the tibia BMD and the content of ash and ash P are relative values, while the tibia bone breaking strength and the P retained in tibia ash are absolute values. The absolute values seem to be more affected by age and feed intake of the birds than the relative values (Huyghebaert et al., 1980; Shastak et al., 2012) .
Osteoblasts normally express large amounts of the bone isoenzyme of ALP, and the serum levels of ALP are usually elevated when osteoblastic activity and bone formation rates increased (Li et al., 2014 ; Takeda et al., Table 3 . The correlation coefficients between bone P retention or bone development and P metabolism in broilers from 1 to 42 d of age. Data represent the correlation coefficients between bone P retention (the tibia ash P and TP TA ) or bone development (the tibia BMC, BMD, breaking strength, and ash) and P metabolism (plasma P, plasma and tibia ALP, and tibia BGP) on day 0, 7, 14, 21, 28, 35, and 42, n = 56.
* P < 0.05, * * P < 0.01. P, phosphorus; TP TA , the total P accumulation in tibia ash; BMC, bone mineral content; BMD, bone mineral density; ALP, alkaline phosphatase; BGP, bone gal protein.
2014; Trautvetter et al., 2014) . In the present study, we found the activities of ALP in the tibia and plasma increased after hatching and reached a peak at 7 d of age, indicating the bone metabolism and formation were very active in the first few days due to the P intake by broilers. However, they decreased from 7 to 21 d of ages, and then increased again. The ALP activity might be regulated by hormones such as fibroblast growth factor 23 and parathyroid hormone for maintaining P homeostasis in the bone (Tiosano and Hochberg, 2009; Penido and Alon, 2012) . Furthermore, the tibia ALP activity was positively correlated with the content of tibia ash and ash P, indicating the tibia P retention was involved in the bone development possibly by upregulating the enzyme activity of ALP in the tibia.
In addition, osteocalcin is a bone-specific noncollagenous protein in the mineralized bone matrix, which appears to be involved in the process of mineralization Akesson, 1995) . Our study showed that the tibia BGP (osteocalcin) content decreased with age and was negatively correlated with the P retained in tibia ash and the traits of bone development including tibia BMC, breaking strength, and ash content. Osteocalcin has been demonstrated to be a potent inhibitor of hydroxyapatite formation (Price, 1985) and exhibits chemotactic potential on osteoclasts (Glowacki and Lian, 1987) , which indicates that the osteocalcin negatively regulates bone mineralization. Therefore, we speculated that tibia P retention was involved with bone development through downregulation tibia BGP.
Blood inorganic P concentration has also been used to evaluate dietary P levels (Lima et al., 1997; Fernandes et al., 1999) . Plasma P was controlled within a narrow physiological range through feedback mechanisms consisting of parathyroid hormone, active vitamin D 3 and calcitonin in the bone, intestine and kidney (Veum, 2010) . Therefore, the change of plasma P was relatively stable with a slight decrease from day 14 to 42. Plasma P was positively associated with tibia P and tibia ash. These results indicated that the slight decrease of plasma P might represent a process of returning P to the bone, which is associated with the active period of bone mineralization (Londero et al., 2016 ).
In conclusion, the P content in the tibia was important in the process of bone growth and development in broilers from 1 to 42 d of age, and its mechanisms appear to be associated with the regulation of the two biomarkers of bone P metabolism, ALP and BGP.
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